Coronary artery disease (CAD) is one of the leading causes of mortality. High circulating levels of low-density lipoprotein (LDL) in the blood are associated with cardiovascular mortality, whether through an etiological role or through its association with the progression of CAD per se. Randomized clinical trials have shown that, when LDL levels are reduced, cardiovascular risk is also reduced, which reinforces this association. The first major trial involving a hypolipidemic agent of the statin family, the Scandinavian Simvastatin Survival Study (4S), was published in 1994 and found a significant reduction in mortality in patients at high cardiovascular risk. However, even in subsequent studies with different statins, a residual risk persisted, and this seems not to have changed over time; it is speculated that this risk may be due to statin intolerance. In this scenario, the potential exists for novel hypolipidemic agents to drive a true revolution in the therapy of dyslipidemia. The recent discovery of PCSK9 inhibitors (PCSK9i), a class of hypolipidemic monoclonal antibodies, is extremely promising. PCSK9 inhibition is capable of promoting a mean LDL reduction of up to 60%, with potential for very significant clinical repercussions, as every 38 mg/dL reduction in LDL appears to be associated with a 22% reduction in cardiovascular risk. This review addresses a brief history of PCSK9i, major trials of these drugs, cardiovascular outcomes, and aspects related to their efficacy and safety. Finally, the molecular mechanisms and possible pleiotropic effects of PCSK9i are also discussed.
Introduction
Worldwide, cardiovascular diseases account for almost half of all deaths in people under 70. In Brazil, they were responsible for almost 30% of deaths in 2013. 1 In recent decades, mounting evidence has shown a close link between low-density lipoprotein (LDL) levels and incidence of coronary artery disease (CAD). 2, 3 Inadequate hepatic uptake of LDL results in increased levels of circulating LDL, and consequent incidence of premature CAD. 4 The treatment of dyslipidemias involves a number of factors, and lifestyle changes should be part of all medical prescriptions for this purpose. Non-pharmacological interventions, such as starting a regular exercise program, not smoking or quitting smoking, and adopting a healthy diet can have a significant impact on lipid profile. However, a substantial number of patients need to add hypolipidemic drugs (e.g., statins, ezetimibe, fibrates) to the aforementioned measures to achieve recommended LDL goals. 5 Substantial advances in lipid-lowering drugs have been achieved in recent years. 6 When used appropriately, these agents play a preponderant role in preventing adverse cardiovascular (CV) outcomes. 7 Hypolipidemic therapy with statins has been shown to have an impact both for primary prevention of atherosclerosis in patients at high CV risk 8 and for secondary prevention. However, some patients do not reach desired LDL levels even at maximal doses of statins (whether as monotherapy or up to triple therapy) or even when ezetimibe is added to statin therapy; this results in an important residual risk of CV events. 9, 10 Thus, the search for therapeutic alternatives that can reduce LDL more aggressively, aiming to achieve better outcomes, continues.
Among recent developments, perhaps the most outstanding class of novel lipid-lowering agents are the proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i).
11 PCSK9 is a protein that ultimately promotes the degradation of hepatic LDL receptors, leading to hypercholesterolemia. 6, 7 The PCSK9i are monoclonal antibodies that increase the availability of LDL receptors. When PCSK9 is inhibited, there is greater uptake of LDL by their respective receptors present in hepatocytes, with reduction of serum and plasma levels of LDL ( Figure 1 ). 12, 13 An important point about the causal relationship between LDL levels and CV outcomes is the dose-response behavior observed. To the extent that high LDL levels increase CV risk, when LDL levels are reduced, so is the rate of adverse CV outcomes. For example, the JUPITER study demonstrated that use of a statin (rosuvastatin) for 2 years was able to protect patients substantially, especially in those with LDL levels were below 45 mg/dL. 14 The FOURIER study, 8 a randomized clinical trial (RCT) published in 2017, enrolled more than 27,000 patients with atherosclerotic CV disease and LDL levels ≥ 70 mg/dL. Participants, all of whom were on statin therapy, were randomly allocated to receive add-on evolocumab or placebo for a mean period of 2.2 years. In the evolocumab group, there was a mean reduction in LDL levels of 30 mg/dL from baseline; in absolute terms, when compared to the placebo group, the mean LDL reduction was 56 mg/dL. Most importantly, a 15% reduction was found in the primary endpoint (nonfatal acute myocardial infarction [AMI], stroke, coronary revascularization, hospitalization for unstable angina, and CV mortality), as well as a 20% reduction in the composite secondary hard endpoint of CV death, nonfatal AMI, and nonfatal stroke. At the end of the study, there was an absolute risk reduction of 1.5% for both the primary and secondary endpoints, which translated into a number needed to treat (NNT) of approximately 67.
More recently, the ODYSSEY Outcomes 16 study compared alirocumab plus with statin versus statin alone at maximal tolerated dose in approximately 19,000 patients at very high CV risk for 2.8 years. LDL levels were 53.3 mg/dL in the alirocumab + statin group versus 101.4 mg/dL in the statin group, and an absolute reduction of 54.7% was observed. The primary outcome of major adverse CV events was also significantly lower in the combination therapy group. Furthermore, there was a surprising 15% reduction in deaths from any cause in this group (NNT of approximately 63). In the ODYSSEY Outcomes trial, LDL decreased 47 mg/dL after 1 year of follow-up, which, based on the Cholesterol Treatment Trialists (CTT) model, 17 would represent a 24% reduction in the relative risk of major CV events. However, in practice, only a 15% reduction was observed. This divergence can be explained by the difference in follow-up time between ODYSSEY Outcomes (2.5 years) and the CCT analyses (5 years). In fact, CTT data showed a smaller magnitude of benefit regarding LDL reduction in the first year. 17 In an analysis of the FOURIER trial, 18 the clinical benefits of evolocumab differed interestingly depending on the severity and extent of CAD. First, evolocumab reduced LDL levels by 61%. Second, patients with a greater risk profile, i.e., those with more recent AMI (< 2 years), multiple anterior AMIs, and multivessel disease, were those who benefited most from the use of PCSK9i: they experienced relative risk reductions for the primary endpoint of 20%, 18%, and 21%, respectively, versus 5%, 8%, and 7% reductions respectively in low-risk comparators subgroups (i.e., participants without these complications). In the high-risk patient subgroups, the absolute risk reductions in 3 years exceeded 3% (3.4%, 3.7%, and 3.6% respectively), versus approximately 1% in the low-risk groups (0.8%, 1.3%, and 1.2% respectively). Thus, the NNT to avoid the primary outcome over a 3-year period was 27 to 30 in each of the high-risk groups versus 54 in all patients with a history of AMI and 79 to 130 in the low-risk subgroups. 18 That is, in those patients who were more difficult to manage and had a higher risk of events, the reduction of CV risk with evolocumab was more substantial. In this context, it would be reasonable, then, to direct this type of therapy preferentially to those patients with more severe dyslipidemia, considering the more substantial reductions of LDL and, consequently, more encouraging benefits and greater cost-effectiveness.
Another aspect to be considered relates to the regression of atheroma volume. Large reductions in LDL levels can promote such an effect, as was suggested by the GLAGOV trial. 19 In this experiment, 968 patients were included in 226 centers across 32 countries. Participants with symptomatic CAD were diagnosed by coronary computed tomography angiography and received monthly evolocumab (420 mg) vs. placebo for 76 weeks, in addition to statins. At the start of the study, the mean LDL level of the participants was 93 mg/dL; by the end, those randomized to evolocumab reached 29 mg/dL, versus 90 mg/dL in controls. In addition, greater regression of atherosclerotic plaque was observed in the evolocumab group (64.3% vs. 47.35%; p < 0.0001), making GLAGOV the first study to demonstrate the benefits of PCSK9i on atherosclerotic plaque. 19 These results appear to hold relevance to clinical practice, as well as external validity.
Animal studies play a fundamental role in the development of new drugs. In experiments with mice, administration of alirocumab (3 or 10 mg/kg) for 18 weeks reduced plasma lipid levels, mitigated development of atherosclerosis and improved plaque morphology. When used in combination with atorvastatin (3.6 mg/kg/d), the severity of atherosclerotic lesions was reduced even further, in a dose-dependent manner. 20 However, trials with larger samples -and, preferably, in humans -are lacking.
It is estimated that 24 million patients in the U.S. alone could be eligible for PCSK9i therapy. 21 Although there are no such data for the Brazilian population, the efficacy and safety of these agents have been recognized by regulatory agencies in the country, and two PCSK9i have been approved by the National Health Surveillance Agency (ANVISA) and are commercially available: Praluent® (alirocumab) and Repatha™ (evolocumab). 22 Their approved indications for use in Brazil, as well as dosages and the magnitude of LDL reduction achieved, are summarized in table 1.
General recommendations for the use of PCSK9i in clinical guidelines
Several guidelines, including those cited in subsequent paragraphs, are unanimous in indicating the therapeutic use of PCSK9i only for those patients considered to be at high or very high risk and who were unable to reach LDL targets even after lipid-lowering therapy (such as statins at maximum tolerated dose or statins plus ezetimibe).
The UK National Institute for Health and Care Excellence (NICE) does not recommend the use of PCSK9i for patients with primary non-familial hypercholesterolemia or mixed dyslipidemia without evidence of CV disease, regardless of LDL concentration. In patients at high CV risk, the use of In contrast, the updated Brazilian Guidelines for Dyslipidemias and Prevention of Atherosclerosis 24 adopted a much less conservative addendum. In those patients at high risk for CV disease, the therapeutic goal of LDL should be below 70 mg/dL, while in those considered at very high risk CV, the goal is to reach LDL levels below 50 mg/dL. Accordingly, the 2017 consensus of the American College of Cardiology states that, for patients at higher risk (such as those with acute coronary syndrome or with multivessel CAD), a target LDL level of < 50 mg/dL can be considered. 25 The American Association of Clinical Endocrinologists/American College of Endocrinology statement recommends a target LDL level < 55 mg/dL for: a) patients with progressive atherosclerotic CV disease; b) patients with atherosclerotic CV disease in association with diabetes and/or stage 3 or 4 chronic kidney disease; c) patients with heterozygous familial hypercholesterolemia (HF); and d) those with premature atherosclerotic CV disease.
In turn, the European Society of Cardiology/European Atherosclerosis Society Task Force recommends PCSK9i therapy when LDL is ≥ 140 mg/dL and the patient is already on combined statin and ezetimibe therapy; or when LDL is ≥ 100 mg/dL in cases of rapid progression of atherosclerotic CV disease. 26 In these individuals, PCSK9i therapy is recommended with a target LDL level < 70 mg/DL. 27 
Patients with and without diabetes mellitus
Preclinical and clinical epidemiological studies have revealed an association of PCSK9 levels with insulin resistance and the risk of developing type 2 diabetes mellitus (DM2). 28, 29 Although genetic study findings have been contradictory, there seems to be a positive association between levels of PCSK9 and the incidence of DM2. 28 The Dallas Heart Study found that PCSK9 levels were significantly higher in patients with DM2. 29 Regular use of statins and fibrates may increase plasma levels of PCSK9, 30, 31 with the latter potentially raising levels by up to 25%. 31 This fact should be taken into account.
Statins themselves may also increase the incidence of DM2. A meta-analysis including more than 91,000 patients followed up for 4 years found a 9% increase in the risk of DM2 with the use of statins. 32 In fact, data show that the gain in function in the LDL receptor gene is capable of impairing the insulin-secreting capacity of the pancreatic beta-cells. 33 Thus, it is only natural that upregulation of LDL receptors with the use of PCSK9i might induce a decline in insulin release, thus facilitating development of new-onset DM2. Following this reasoning, a meta-analysis that evaluated short-term therapy with PCSK9i (1.5 years) found a small, but significant increase in plasma glucose and glycated hemoglobin levels. Moreover, this increase was proportional to the reduction in LDL, but was not enough to cause an impact on the emergence of new cases of DM2. 34 The safety of PCSK9i therapy has also been assessed. In a pre-specified meta-analysis of the FOURIER trial, the efficacy and safety of evolocumab was investigated in patients with and without DM2, in addition to the effect of evolocumab on blood glucose and on the risk of developing DM2. 35 Of those individuals already living with DM2, 8,000 had available data and 25% were on insulin. Among patients without the disease, 38% had prediabetes and 22% were normoglycemic. Both groups were homogeneous in terms of statin therapy, with 70% on maximal doses. 35 Evolocumab therapy significantly reduced CV risk in both groups, and did not increase the risk of recent-onset DM2; there was no worsening in blood glucose levels. These data suggest that evolocumab therapy is safe and effective in patients with atherosclerotic disease. Furthermore, the number needed to prevent a primary CV event over a 3-year period among DM2 patients was only 37. Therefore, the use of PCSK9i in patients with atherosclerotic CV disease and DM2 can be particularly attractive from the point of view of cost-benefit. 35 
Possible anti-inflammatory mechanisms and pleiotropic effects
The potential for anti-inflammatory action by PCSK9i is unclear. Unlike therapy with statins, there is no evidence of a potential role of PCSK9i in reducing C-reactive protein (CRP) levels, especially when measured by high-sensitivity methods (hsCRP). Two recent meta-analyses that evaluated approximately 7,000 patients 36, 37 did not confirm this hypothesis.
Although the relationship between PCSK9 and carotid intima-media thickness in healthy patients is controversial, it may play a direct role in the inflammatory process, contributing to atherosclerotic disease through LDL-independent mechanisms. 38 Whether these monoclonal antibodies interact with other pathways to induce an anti-inflammatory response is still unclear, and warrants further investigation.
The relationship between serum levels of PCSK9 and atherosclerotic plaque characteristics has also been studied.
Virtual-histology intravascular ultrasound (VH-IVUS) was
used to analyze 581 patients with CAD, 39 and higher levels of PCSK9 were found to be associated with a greater fraction and amount of central necrotic tissue in coronary atherosclerosis, independent of LDL levels and statin therapy. 39 Therefore, PCSK9 seems to play a role that goes far beyond regulation of LDL.
In another sub-analysis of the FOURIER trial, 40 evolocumab acted effectively against initial inflammatory risk in 27,564 patients at high CV risk. It bears stressing that the relative benefit of therapy with this drug for the prevention of CV events was independent of baseline CRP levels. Although those patients with higher hsCRP levels exhibited greater susceptibility to CV events, they were also those who tended to derive the greatest absolute benefit from evolocumab therapy. 40 Evidence suggests that vascular smooth muscle cells produce higher amounts of PCSK9 compared to endothelial cells, especially in an inflammatory microenvironment. In those regions where there is lower shear stress (i.e., force of blood friction against the arterial intima), PCSK9 expression is increased in smooth-muscle cells. Moreover, oxidized LDL appears to be implicated in the regulation of PCSK9 expression by modulating the secretion of pro-inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α). 41 Corroborating these findings, Ricci et al. 42 tested the hypothesis of a relationship between PCSK9 and pro-inflammatory effects in macrophages. The authors initially performed a series of experiments with macrophages derived from the human monocytes cell line THP-1, incubated with increasing concentrations of recombinant human PCSK9. A positive correlation was observed between levels of PCSK9 and inflammatory response in macrophages, inducing expression of TNF-α, IL-1, IL-6, as well as chemokines such as monocyte chemoattractant protein-1 (MCP-1). In addition, an inflammatory response was observed when THP-1 macrophages were co-cultured with HepG2 cells overexpressing PCSK9. 42 This provides additional evidence of a pro-inflammatory effect of PCSK9.
Recently, Bernelot Moens et al. 43 evaluated the responses to PCSK9i in monocytes (key mediators of the inflammatory process) of patients with FH who were not on statins due to muscle pain. Several pro-inflammatory and migratory alterations were observed in these monocytes. After 6 months of treatment with PCSK9i, the migratory capacity of monocytes, their lipid content, and their inflammatory responsiveness decreased to levels observed in FH patients on stable statin therapy. The reduction in lipid content with the use of PCSK9i attenuated the pro-inflammatory phenotype of monocytes. 43 These findings are important, because they emphasize that other mediators beyond CRP are involved in inflammation.
Finally, it should be emphasized that the PCSK9i agents have pleiotropic effects, and that their use may have other therapeutic actions, in addition to their already-established hypolipidemic activity.
Safety
In 2012, the U.S. Food and Drug Administration (FDA) issued an alert on the potential adverse effects of statin treatment. 44 Two years later, the FDA asked PCSK9i developers to assess possible adverse events of these drugs in different studies, with special attention to the emergence of new cases of cognitive deficit. 45 This recommendation was based on some reports that warned of a possible increase in the risk of neurocognitive events with the use of PCSK9i. Indeed, there is some biological plausibility to support the argument that a very sharp reduction in lipids can negatively impact cognitive function, regardless of the ability of the drug to cross the blood-brain barrier. 46, 47 To date, the leading assessment of the risk of cognitive deficits with the use of a PCSK9i (evolocumab) plus statin as compared to placebo plus statin is the EBBINGHAUS trial, 48 which randomized 1,974 patients. The subjects had a mean age of 63 years and were followed up for approximately 19 months. All completed the Cambridge Neuropsychological Test Automated Battery at 6, 12, and 24 months. No difference was observed between the groups in terms of cognitive function, scores on the cognitive function battery, or in subjective self-assessment of daily cognitive ability. 48 In a pre-specified secondary analysis of the FOURIER study, Giugliano et al. 49 analyzed approximately 26,000 patients, with special attention to the relationship between the LDL concentration reached at 4 weeks and subsequent CV outcomes. There was no reduction in safety with very low LDL concentrations over an average of 2 years.
In the MENDEL-2 50 study, a large trial of evolocumab monotherapy, there was a rapid and marked decrease in levels of LDL and apolipoprotein B over 12 weeks in comparison with the placebo or ezetimibe group. LDL reductions in excess of 50% were reported in 72% of patients who received evolocumab. Severe adverse effects occurred at comparable rates across groups. In addition, injection-site reactions were infrequent with evolocumab and did not differ between groups. Biweekly and monthly evolocumab administration yielded comparable reductions in LDL levels, with good tolerability and safety. 50 The LAPLACE-2 51 study compared evolocumab versus ezetimibe versus placebo in patients with hypercholesterolemia who were receiving stable doses of statins. Adverse events were similar in the three groups (36% of patients treated with statin plus evolocumab, 40% of those who received statin plus ezetimibe, and 39% of those who received statin plus placebo); musculoskeletal symptoms and headache were the most common. Intolerable adverse events that resulted in discontinuation of treatment occurred in only 1.9%, 1.8%, and 2.2% of participants in the evolocumab, ezetimibe, and placebo groups, respectively. Severe adverse events were reported in 2.1% of the patients treated with evolocumab, 0.9% of those treated with ezetimibe, and 2.3% of those in the control group. Neurocognitive events were reported in only 1 patient treated with evolocumab, compared with 3 patients treated with ezetimibe and no patients in the control groups. It bears stressing that the study was conducted for a short period (3 months) and, despite some adverse events, the benefits seemed to outweigh the risk of PCSK9i therapy. 51 The GAUSS-2 52 study evaluated evolocumab versus ezetimibe in statin-intolerant dyslipidemic patients over 3 months. The rate of adverse events leading to treatment discontinuation was 8% in the evolocumab group -lower than in the ezetimibe arm (13%). Muscle pain occurred in only 8% of patients treated with evolocumab, versus 18% of those treated with ezetimibe. Discontinuation due to musculoskeletal side effects occurred in 5% of patients the evolocumab group, again a rate numerically lower than in the ezetimibe group (6%). 52 In the GAUSS-3 study, 53 patients who were intolerant to statins were treated with evolocumab 420 mg (with placebo ezetimibe) or ezetimibe 10 mg per day (with placebo evolocumab). Myalgia was reported by approximately 29% of patients treated with ezetimibe and 21% of those treated with evolocumab. However, muscular symptoms leading to discontinuation were very infrequent in the evolocumab group, occurring in only 1 out of 145 treated patients. 53 This seems very relevant, as it suggests that PCSK9i therapy can be used successfully in people with statin intolerance.
Interestingly, subjects with null mutation of the PCSK9 gene have been described. A U.S. woman inherited a mutation from her father and another from her mother which effectively eliminated PCSK9 function. 54 Her lifetime average LDL levels were only 14 mg/dL and, more importantly, she seems to lead a healthy life. In other words, even in a setting of marked reduction of LDL to extraordinarily low levels due to a genetic mutation, there is no evidence of any relevant harm to the overall health of the individual.
Another factor that is worthy of note is measurement of vitamin E levels. It is known that lipoproteins are involved in vitamin E transport, 55 and are necessary for steroidogenesis. Therefore, when levels of LDL are extremely low, vitamin E measurement -and, possibly, supplementation -seems necessary. 56 In fact, data from the DESCARTES 57 study showed that the substantial reduction in LDL in patients treated with evolocumab also reduced their levels of vitamin E. Nevertheless, there was no alteration in tissue levels of vitamin E, and the reduction was not clinically significant. Furthermore, there is no evidence of compromised synthesis of steroid, adrenal, or gonadal hormones, even in patients with extremely low LDL. 57 Overall, these data support that even very low concentrations of LDL by inhibition of PCSK9 do not translate into increased risk. In addition to these results, preliminary data from an analysis of nearly 3,000 patients enrolled in the DESCARTES and OSLER-1 studies showed no increase in adverse events and no cases of hemorrhagic stroke among patients with LDL levels below 40 or 25 mg/dL. 50 Two open-label extensions of the FOURIER study, designed to evaluate the long-term safety of evolocumab in approximately 6,600 patients, are underway. 49 These results will certainly provide clearer evidence on the safety profile of PCSK9i.
Cost-effectiveness
Despite current evidence supporting the superiority of PCSK9i in the reduction of LDL concentrations in comparison to statins and ezetimibe, the cost-effectiveness ratio cannot be ignored. Estimates suggest that use of these agents is associated with significant expenditures for patients in different scenarios: a) €78,485.00 for those with a family history of hypercholesterolemia alone; b) €176,735.00 for those with 10-year CV risk >30%; and c) €295,543.00 for patients with established CV disease and DM2, all per quality-adjusted life-year (QALY) gained. 58 Additionally, the estimated annual cost of treatment is US$14,000.00. 59 This becomes particularly important when considering the (implicit and estimated) willingness-to-pay threshold in Brazilian, which seems to fluctuate between R$25,000.00 and R$185,000.00 per QALY. 60 Cost-effectiveness ratio and cost-utility ratio estimates indicate values much higher than the Brazilian thresholds, and, at least for the prospect of third-party payers, these drugs will have to spend some time on the market before their prices decline enough for consideration. According to Moore's curve, when a new technology is incorporated, there is a non-negligible gap in time for a reduction in estimated price (e.g., 60% to 70% of the current value). [61] [62] [63] Therefore, it is important to evaluate the cost-effectiveness and cost-utility of PCSK9i and their market prices before they can be recommended as a therapeutic option -at this time, still from the patient perspective alone.
Final considerations
Since the discovery of their effect on LDL levels, PCSK9i have been an object of great research interest. The clear association between CV risk factors and the significant reduction in LDL obtained with their use are guiding the development of novel algorithms for the treatment of dyslipidemias and CV diseases as a whole.
Major advances in the treatment of CAD have been achieved in recent decades. Among them, the greater understanding of the importance of LDL as a causal factor was particularly relevant. The results of the RCTs described in this paper have provided the evidence base for the use of PCSK9i and indications for the use of these drugs, as well as the LDL targets to be achieved. Each patient should have their risk adequately assessed, taking into account the cost-effectiveness of treatment and the most appropriate medications for their clinical condition. The inhibition of PCSK9 represents a novel approach to reducing LDL levels and preventing adverse CV outcomes in high-risk patients who have not achieved recommended levels of LDL despite the use of a maximally optimized therapeutic arsenal.
Finally, it is important to stress that the use of PCSK9i should not be indiscriminate, and that it is up to physicians to determine which patients will actually benefit from their use. On the other hand, high-risk patients and those who are intolerant to statins -and who can afford this therapy -certainly have in PCSK9i a treatment option that has so far proven to be safe and attractive.
